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ABSTRACT

Under the U.S. Department of Energy’s Clean Coal Technology Program (Round 1},
a project was completed to demonstrate control of boiler emissions that comprise acid
rain precursors, specifically oxides of nitrogen (NO,) and sulfur dioxide {S0O,). Other
project sponsors were the Gas Research Institute and the lllinois State Department of

Commerce and Community Affairs.

The project involved demonstrating the combined use of Gas Reburning and Sorbent
Injection {GR-SI) to assess the air emissions reduction potential of these technologies..
Three potential coal-fired utility boiler host sites were evaluated: |lllinois Power's
tangentially-fired 71 MWe (net) Hennepin Unit #1, City Water Light and Power’s
cyclone-fired 33 MWe (gross) Lakeside Unit #7, and Central illinois Light Company’s
wall-fired 117 MWe (net) Edwards Unit #1. Commercial demonstrations were
completed on the Hennepin and Lakeside Units. The Edwards Unit was removed from

consideration for a site demonstration due to retrofit cost considerations.

Gas Reburning {GR) controls air emissions of NO,. Natural gas is introduced into the
furnace hot flue gas creating a reducing reburning zone to convert NO, to diatomic
nitrogen {N,). Overfire air is injected into the furnace above the reburning zone to
complete the combustion of the reducing {fuel) gases created in the reburning zone.
Sorbent Injection (Sl) consists of the injection of dry, caicium-based sorbents into

furnace hot flue gas to achieve SO, capture.

At each site where the technologies were to be demonstrated, performance goals
were set to achieve air emission reductions of 60 percent for NO, and 50 percent for
SO,. These performance goals were exceeded during long term demonstration testing.
For the tangentially fired unit, NO, emissions were reduced by 67.2% and SO,
emissions by 52.6%. For the cyclone-fired unit, NO, emissions were reduced by
62.3% and SO, emissions by 57.2%.
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EXECUTIVE SUMMARY

As part of the U.S. Department of Energy’s Clean Coal Technology Program (Round
1}, a project was completed to demonstrate control of boiler emissions that comprise
acid rain precursors, specifically NO, and SO,. The project involved operating
combined gas reburning and sorbent injection (GR-S1) on two coal-fired utility boilers
to determine the reductions in these boiler emissions. Gas reburning (GR) controls the
emissions of NO, by staged fuel combustion, which involves the introduction of
natural gas into the flue gas stream. Sorbent injection (Sl) consists of the injection of
dry, calcium-based sorbents into the flue gas to achieve SO, capture. Several benefits
are derived from utilization of the combined GR-SI technologies including the

following:

L Low capital cost relative to more expensive scrubbers
L Compatibility with high-suifur coal
L No adverse effects on boiler thermal performance

* Minimal system operating complexity

The first demonstration was performed at lllinois Power’s Hennepin Unit 1, located in
Hennepin, lllinois. This unitis a 71 MWe tangentially-fired boiler that uses high-sulfur
lllinois coal. The second test was performed at City Water Light & Power’s {CWLP)
Lakeside Unit No. 7, located in Springfield, lllinois. This unit is a 33 MWe cyclone-
fired boiler that also uses high-sulfur lllinois coal. Targets for the project at both sites
were reductions of 60 percentin NO, emissions and 50 percent in SO, emissions. The
initial format of the project involved three sites, the two described above and Central
{llinois Light Company’s Edwards Station Unit 1. During Phase [, it was determined
that the cost to upgrade the Edwards electrostatic precipitator to accommodate St was
beyond the scope of the project budget. Therefore, the Edwards site was eliminated

from further activity.
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Gas Reburning

GR involves reducing the levels of coal and combustion air in the burner area and
injecting naturat gas above the burners followed by the injection of overfire air {OFA)
above the reburning zone. This three-zone process creates a reducing area in the
boiler furnace within which NO, created in the primary zone is reduced to elemental
nitrogen and other less harmful nitrogen species. Each zone has a unique
stoichiometric ratio (ratio of air to that theoretically required for complete combustion)
as determined by the flow of coal, burner air, natural gas, and OFA. Flue gas
recirculation (FGR) may be used to provide momentum to the natural gas injection.
Although FGR has a low O, content, it also has a minor impact on reburning and

burnout zone stoichiometries. The descriptions of the zones are as foliows:

L] Primary {burner) Zone: Coal is fired at a rate corresponding to 75 to 90
percent of the total heat input, under low excess air. NO, created in this
zone is limited by the lower heat release and the reduced excess air level.

. Reburning Zone: Reburning fuel {natural gas in this case) injection
creates a fuel rich region within which methane breaks down to
hydrocarbon fragments (CH, CH,, etc.} which react with NO,, reducing
it to atmospheric nitrogen. The optimum reburning zone stoichiometry
is 0.90, achieved by injecting natural gas at a rate corresponding to 10
to 25 percent of the total heat input.

° Burnout (exit) Zone: OFA isinjected higher up in the furnace to complete
the combustion. OFA is typically 20 percent of the total air flow; a
minimum excess air of 15 percent in maintained. OFA injection is
optimized to minimize CO emissions and unburned carbon-in-fly ash.

Sorbent Injection

S| technology controls SO, emissions through injection of a calcium-based sorbent
such as hydrated lime [Ca(OH,)] into the boiler furnace where it reacts with gaseous
S0, to form solid calcium sulfate. This compound is then removed from the flue gas

tn the electrostatic precipitator.
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Sorbentis transported from a storage silo to the boiler and introduced into the flue gas
through injection nozzles. A flow splitter in the sorbent line equally distributes the
sorbent to the nozzles. To obtain the optimum sorbent mass flow and nozzie
velocities required for adequate boiler dispersion, additional injection air is provided

from a booster fan.

Integration of Gas Reburning and Sarbent Injection

GR and Sl are applied simuitaneously to achieve combined NO, and SO, control.
Although significantly reducing the NO, emissions, GR also achieves an incremental
reduction in SO, emissions, since natural gas contains no sulfur, This complements
the SO, reduction of the Sl process and reduces the amount of sorbent otherwise

required.

Project Schedule and Status

The project was divided into the following three phases:

] Phase | Design and Permitting
L Phase Il Construction and Startup
] Phase il Operation, Data Collection, Reporting and Disposition

The project was awarded in July, 1987, Phase | activity for the three sites was
perform concurrently; however, both construction and testing at Lakeside lagged that
at Hennepin in order to transfer experience from site to site. Following
parametric/optimization testing, a one-year test program was conducted at each site
to assess the long term boiler impacts of the technology. The GR system at Hennepin
was retained by llinois Power. Both the GR and S| systems at Lakeside were retained

by CWLP. None of the equipment is currently in operation.
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Process Design

The process design was performed during Phase | of the Project. The goal in the
design of the GR-S| system was to achieve the emissions control objectives while
minimizing impacts on other areas of unit performance. Using NO, reduction and
sorbent sulfation reaction modeling and isothermal physical flow modeling, the process
stream inputs and injection details of the GR-SI system were finalized. Heat transfer
modeling was then conducted to predict the impacts on heat absorptions by each heat
exchanger and steam side and gas side temperatures. Also evaluated were the
potential effects on various areas of boiler performance including fuel burnout, furnace
slagging, waterwall wastage, and ESP performance. As aresult of the process design

effort, the following parameters were established:

] Natural gas, OFA and sorbentinjector sizes, required numbers, and boiler
locations.

L Volume flow rates for natural gas, FGR, OFA, sorbent, and Sl air.

L FGR and S1 air fan specifications,

° Initial operating set-points for optimum boiler stoichiometries.

At each of the two demonstration sites, special design considerations were required
to handle unique conditions in the boiler. At lllinois Power’s tangentially-fired unit,
humidification of the exit flue gas was required in order to raise the resistivity of the
fly ash, thereby improving the efficiency of the electrostatic precipitator. Also, a CO,
system was installed to adjust the pH of the ash prior to its discharge into the

collection pond.

CWLP’s cyclone-fired boiler operates in a pressurized environment requiring check
valves in the natural gas, sorbent and injection air ducts to prevent backflow of flue
gas. Sealing air was also integrated with boiler penetration equipment. Due to the

age of the sootblowers and wallblowers and the anticipated increase in use, this
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equipment was replaced. CWLP’s ash pond was nearing capacity; therefore, adry ash

handling system was installed to provide for off-site removal.

Installation and Integration

The GR-SI system was instalied during Phase || of the Project. The GR system retrofit
involved routing a natural gas main to the boiler, installing a FGR fan, installing a
multiclone dust collector to remove particuiate and protect the fan, and connecting the
equipment with ductwork. The OFA systeminvolved instaltation of ductwork from the
secondary air system to the injection nozzles. The S| system included a sorbent
storage silo, feed equipment and transport system. Penetration of the sorbentinto the
boiler was enhanced by installing an injection air fan system. An extensive plant
outage was required to install boiler penetrations. Some outage time was also

required to install the control system.

Integration of the GR-SI system into normal boiler operations required modification
and/or replacement of the existing control system. The new control system was
designed to accommodate several operating conditionsincluding GR, Sl, combined GR-

Sl, non-operation of either system, and operation of site-specific additional equipment.

Test Plan and Testing

Phase lll of the Project was devoted to demonstration of the technology. Following
startup, a series of pre-planned parametric tests were performed independently on the
GR and S| systems. These tests were conducted at different boiler load conditions
and involved varying operational control parameters (such as boiler zone
stoichiometries, natural gas heat input, FGR flow rate, OFA flow rate, sorbent feed
rate, etc.) and assessing the effect on boiler emissions and thermal efficiency.

Following the parametric testing, the technologies were integrated through a series of
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optimization tests, incorporating the set points established in the parametric tests.

Final adjustments to the control parameters were made as required.

A one-year duration long term testing program was performed at each site in order to
judge the consistency of system outputs, assess the impact of long-term operation on
the boiler equipment, gain experience in operating GR-SI in a normal load-following
environment, and develop a database for use in subsequent GR-SI applications. The

project concluded with a test of alternate sorbent material.

Emissions Testing

EER conducted a comprehensive test demonstration program at each of the two sites,
operating the equipment over a wide range of boiler conditions. Over 1500 hours of
operation were achieved enabling EER to obtain a substantial amount of data.
Extensive measurements were taken to quantify the reductions in NO, and SO,
emissions, the impact on boiler equipment and operability, and all factors influencing
costs. Thejudgmentisthat GR-Sltechnology achieved excellent emissions reductions
on both tangentially-fired and cyclone-fired boilers; all goals of the project phase were
achieved. The following table summarizes the resuits of the combined GR-SI

operation:

NO, emissions
baseline

Tangential

.75 Ib/108 Btu

Cyclone

.95 |b/10° Btu

optimized reduction 75% . 74%
average reduction 67% 63%
average gas heat input 18% 22%

SO, emissions {w/GR-Sl)
baseline

5.3 Ib/10° Btu

5.9 Ib/10° Btu

average reduction 55.3% 55.7%
caicium-to-sulfur ratio 1.75 1.8
calcium utilization 26% 24%
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NO, decreased as the reburning gas heat input increased. Also, the performance goal
(reduction of NO, emissions by 60%) on both units was consistently met throughout

the test program.

A higher gas heat input is required for the cyclone-fired boiler than the tangentially-
fired boiler. On the T-fired boiler, the stoichiometry in the firing zone is reduced to
promote reduction in NO, emissions. This method is not the applicable to cyclone-
fired boilers since reducing the stoichiometry disrupts the slagging characteristics of
the cyclone. Therefore, a higher gas heat input was required to achieve the same NO,

emissions reduction. Other factors remained approximately the same.

The GR systems for these units used FGR to enhance the penetration and mixing of
the reburning gas. While high velocity gas jets could have been used instead of FGR,
FGR was selected as the more conservative approach for these initial demonstrations
since the penetration and mixing are controlled by the FGR flow rate essentially
independent of the natural gas flow rate. However, FGR adds substantially to the
capital cost of the GR system and also contributes slightly to the increased superheat

attemperation rate.

S0, emissions improved with higher Ca/S. Also, the performance goal {reduction of
SO, emissions by 50%) at both units was consistently met throughout the test
program. The Lakeside unit experienced a higher SO, emissions reduction than the
Hennepin unit due to a higher level of gas heat input. Higher leveis of Ca/S were
required at lower loads due the effect of temperature on the sulfation reaction. Bench
tests showed that a temperature 2200°F was optimum to achieve the maximum SO,
emissions reduction. This temperature was observed in the sulfation zone during full

load, but was somewhat less at lower loads.

The GR-Sldemonstration was conducted primarily with conventional sorbent, Linwood

hydrated lime. At the conclusion of the long term testing, three advanced sorbents
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prepared by EER and the lllinois State Geological Survey Department were also
evaluated. Two sorbents containing agents to facilitate sulfation (designated
PromiSORB™ A and PromiSORB™ B) were prepared through an EER-Petroleos de
Venezuelajointventure. The third sorbent, High Surface Hydrated Lime (HSAHL), was
also tested. At a nominal Ca/S molar ratio of 1.75, the following results were

achieved:

Sorbent S0, Capture Utilization
PromiSORB™ A 54% 31%
PromiSORB™ B 66% 38%
HSAHL 60% 34%

The maximum SO, capture measured was 81% at a Ca/S ratio of 2.59 using
PromiSORB™ B. This material yielded outstanding performance, demonstrating the
highest sorbent utilization ever measured in a full-scale S| test. The impact is a
significant reduction in the mass flow of sorbent required to achieve a given SO,
emissions limit. There was also a corresponding reduction in the volume of ash

disposal, boiler fouling and sootblower usage frequency.

Boiler Impacts

Although boiler stoichiometries were altered as an inherent requirement of GR and the
frequency of sootblower operation was increased due to Sl,.no adverse effects on

either boiler efficiency or equipment were observed.

GR operation resulted in minimal impact on the heat absorption profile. As a result,
steam temperatures also showed minimal variation. However, with Sl, the thermal
performance was affected by the increase in particulate loading through the upper
furnace and convection pass. With increased use of sootblowers, this condition was
alleviated, although there was also a slight increase in steam attemperation rate. The

boiler efficiency decreased by approximately 1% during GR due to the presence of
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hydrogen in the natural gas and increase in heat loss due to moisture formed in
combustion. Note that a higher flue gas moisture content results from firing natural

gas which has a higher hydrogen-to-carbon ratio than coal.

In order to gage the structural impact on the boiler due to operation of the GR-SI
system, a series of visual and instrumented inspections were performed both prior to
and after testing. The test results were used to determine the existence of
degradation and/or equipment failures and assess the wear rates. Of particular

interest were the boiler tubes and electrostatic precipitator.

The boiler tubes were examined for tube wear, metallurgical change, and
slagging/fouling. All conditions were found to be acceptable. There was no
significantly measurable wear of tubes as a result of GR-SI operation. Also, when
projecting the life of the tubes, analysis indicated that the scheduled ‘Iife of the boiler

was not compromised either with or without continued use of the GR-SI system.

The precipitator was inspected both before and after testing. The inspections
concluded that the precipitator had adequately accommodated the changes in ash
loading and resistivity with the presence of sorbent in the ash. During testing, the
precipitator was evaluated for particulate matter loading, fly ash resistivity and inlet

duct temperature distribution. No adverse conditions were found to exist.

Commercial Applications

The GR-S! project has demonstrated the success of these technologies in reducing NO,
and SO, emissions. Utilizing the process design conducted early in the project with
the vast amount of data collected during the testing, EER has developed a database
of information necessary to apply the technologies to all major firing configurations
{tangential, cyclone and wall-fired) on both utility and industrial units. The emissions

control and performance can be accurately projected as can the capital and operating
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costs. GR-S| technology has now béen developed to the point that it can be offered

by EER on commercial terms.

Economic Considerations

Economic considerations are a key issue affecting technology development.
Application of GR-SI requires modifications to existing power plant equipment. As a

result, the capital costs and operating costs depend largely on site-specific factors

such as:
L Gas availability at the site
. Coal-gas cost differential
L Sulfur dioxide removal reguirements
. Value of SO, allowances

Based on the results of this project, EER expects that most GR installations will
achieve at least 60% NO, control when firing 15% gas. The capital cost estimate for
installing a GR system on units of 100 MW and larger is in the range of $15/kw plus
the cost of a gas pipeline (if required). Operating costs are almost entirely related to
the differential cost of the gas over the coal as reduced byl the value of SO, emissions
reduction {due to the zero sulfur content of natural gas). Other operating cost factors
are related to reductions in ash, mill power and maintenance, and a minor reduction

in boiler efficiency, typically 0.0 to 1.0%.

In comparison to wet scrubber technology, S| achieves lower SO, control and
somewhat higher operating cost, but with capital costs about one-fourth that of wet
scrubbers. The capital cost estimate for a Sl system is $50/kw. Operating costs are
dominated by the cost of the sorbent and sorbent/ash disposal costs. At present, the

cost of SO, control via Sl exceeds the value of SO, allowances in most cases.
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Summary

The following results can be highlighted from these GR-SI demonstrations:

L] GR-SI can be installed and operated successfully on both tangentially-
fired and cyclone-fired boilers

L The project goals of 60% NO, reduction and 50% SO, reduction were
exceeded at all boiler loads

] The system was operated consistently and reliably

. The system demonstrated no significant thermal impact

] CO can be controlled by exit stoichiometry

° Existing boiler equipment experienced no mechanical degradation or

failure
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1.0 PROJECT OVERVIEW

1.1 Purpose of the Public Design Report

Part A of this report functions as the "Public Design Report”, which is a designated
deliverable under the U.S. Department of Energy Agreement No. DE-FC22-
87PC78796, Attachment C (Federal Assistance Reporting Checklist). This public
design report consolidates for the purpose of public use all design and costinformation
on the project at the completion of the construction and startup phases of work, prior
to the initiation of the demonstration test program. The report contains sufficient
information to provide an overview of the project, the salient design features and data,
and the role of the demonstration project in the commercialization planning. Part A
serves as a reference for the demonstration of the technology as embodied both in the
demonstration project and future commercial applications. Since the DOE public
design reporting requirement was promulgated after construction and startup, during
demonstration testing of the technologies, it has been combined into one Final

Overview Report by including Part B, Performance and Economics Report.

1.2 Description of the Project

As a part of the U.S. Department of Energy’s Clean Coal Technology Program {Round
1), a project was completed to demonstrate control of boiler emissions that comprise
acid rain precursors, specifically oxides of nitrogen (NO,) and sulfur dioxide (S0O,). The
project involved demonstrations of the combined use of Gas Reburning and Sorbent
Injection {GR-SI) on coal-fired utility boilers to assess the air emissions reduction

potential of these technologies.

Gas Reburning (GR} controls air emissions of NO,. Natural gas is introduced into the
furnace hot flue gas, creating a reducing reburning zone to convert NO, to diatomic

nitrogen (N, ). Overfire air (OFA) is injected into the furnace above the reburning zone
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to complete the combustion of the reducing (fuel) gases created in the reburning zone.
Sorbent Injection (Sl} consists of the injection of dry, calcium-based sorbents into
furnace hot flue gas to achieve SO, capture. At each site where the technologies
were to be implemented, performance targets for the demonstrations were air

emission reductions of 60 percent for NO, and 50 percent for SO,.

Several benefits are derived from combining the GR and Sl technologies, including the

following:
® Simple method for reducing both NO, and SO, air emissions
° Low capital cost for reducing NO_ and SO, air emissions
. Compatibility with coals having high fuel-bound sulfur and nitrogen
L Minimal effects on t;oiler thermal performance
° Minimal operating complexity

1.2.1 Project History

The development of GR technology had its start in various laboratories in the 1970's.
EER, with the support of the EPA and GRI!, began extensive bench and pilot-scale
testing in 1981 to characterize the fundamental reburning process variables. These
tests provided the needed background performance and design data for scale-up to

commercial applications.

S| has been under development since the mid -1970’s, funding coming from EPA,
DOE, EPRI, and several commercial firms. Most of the work focused on identifying
the process parameters used to optimize sulfur capture. The work completed under
this project inciuded laboratory scale reactivity tests and pilot-scale testing that

focused on the system design, boiler performance and operational impacts.

A number of commercial field tests have been completed and additional efforts are in
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progress. EER has participated both directly and indirectly in much of the development

work.

1.2.2 Project Sponsors

The GR-SI| demonstrations are being sponsored by:

® U.S. Department of Energy

. Gas Research institute
L [linois Department of Commerce and Community Affairs
L lllinois Power Company

° City Water Light & Power of Springfield, illinois
L] Central Hlinois Light Company

. Energy and Environmental Research Corporation

1.2.3 Technologies Demonstrated

1.2.3.1 Gas Reburning (GR)

GR involves the injection of natural gas above existing coal fired burners to create a
reducing or reburning zone for destruction of NO,, followed by the injection of OFA
above the reburning zone to complete combustion of the reducing (fuel) gases formed

in the reburning zone, see Figure 1-1.

This staged combustion technology consists of three zones: 1} a primary zone wherein
coal is fired through conventional burners, followed by 2) a reburning zone where
additional fuel is added to create a reducing gas condition to convert the NO,
produced in the primary zone to diatomic nitrogen (N,), followed by 3) a burnout zone

to complete the combustion of the reducing gases produced in the reburning zone.
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Figure 1-1. Overview of Gas Reburning process
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Each zone has a unigue stoichiometric air ratio (ratio of air to that theoretically
required for complete combustion} as determined by the flow of primary fuel, burner
air, natural gas, and OFA. Flue gas recirculation {FGR} through the reburning injectors
may also be used to provide increased momentum to the injected natural gas to
improve furnace penetration and mixing. Since FGR has a low oxygen {O,) content,
it has a minor impact on the reburning zone fuel requirements and burnout zone air
rates. More detailed descriptions of the reburning technology oxidizing and reducing

zones are presented as follows:

° Primary (burner) Zone: Fuel is fired at a rate corresponding to 75 to 90
percent of the total heat input, under normal to low excess air. The rate
of NO, created in this zone is reduced due to less fuel being fired {lower
fuel bound NO, production), lower heat release (lower thermal NO,
production) and, if possible, reduced excess air levels to the burners

{lower fuel bound and thermal NO, production).

. Reburning Zone: Reburning fuel (natural gas in this case) injection
creates a reducing gas {gasification) region within which methane breaks
down to hydrocarbon fragments {CH, CH,, etc.) that react with NO_,
reducing it to diatomic nitrogen (N,). The carbon monoxide and
hydrogen produced also reduce NO,, converting it to N,. The optimum
reburning zone stoichiometry is around 0.90 {90% of the stoichiometric
air required for complete combustion). This is achieved by injecting
natural gas at a rate corresponding to 10 to 25 percent of the total heat
input, the range dependent on the fuel fired which sets the pfimary zone
excess air level. The lower the excess air level of the primary zone, the

lower will be the reburning fuel requirement.

] Burnout (OFA} Zone: OFA is injected higher up in the furnace, above the

reburning zone to complete combustion of the reburning zone fuel gases.

1-5



QFA is typically 20 percent of the total air flow, and a minimum excess
air of 2.5 to 15 percent, depending on the primary fuel type, is normally
maintained. The OFA injection rate is optimized for each specific

application to minimize CO emissions and unburned carbon-in-fly ash.

Ambient air is used to cool the gas injection nozzles when the GR system is not in
operation. The GR-SI system is controlled by a Westinghouse Distributed Process
Family system (WDPF). The WDPF provides integrated modulating control, sequential
control and data acquisition for a wide variety of system applications. All
start/modulation/stop operations are normally performed in the control room using a

keyboard-CRT with custom graphics.

1.2.3.2 Sorbent Injection {Sl)

S! technology controls SO, emissions through injection of a calcium-based sorbent
such as hydrated lime [Ca{OH,}] into the boiler furnace where it reacts with gaseous
S0, to form solid calcium sulfite/sulfate {(CaS0,/CaS0,). These solids are then

removed from the flue gas through use of an electrostatic precipitator or baghouse.

Sorbent is transported from a storage silo to the boiler and is introduced into the
furnace flue gas through injection nozzles. A flow splitter in the sorbent line equally
distributes the sorbent to the individual nozzles. To obtain the optimum nozzie
velocities required for proper dispersion of the sorbent throughout the furnace flue
gases, additional injection air pressure may be required which can be accomplished
with a booster air fan. Ambient air is used to cool the nozzles when the sorbent

system is not in operation.

1.2.3.3 GR-SI Integration

GR and Sl are applied simultaneously to achieve both NO, and SO, control. Although
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significantly reducing the NO, emissions, GR also results in an incremental reduction
in SO, emissions, since natural gas contains no sulfur. This complements the SO,

reduction of the Sl process and reduces the amount of sorbent otherwise required.

1.2.4 Technology Vendor

The Energy and Environmental Research Corporation (EER) has worked on the
development of Reburning technology since 1980. It performed extensive bench and
pilot scale testing to characterize process parameters and to develop appropriate scale-
up methodologies for the design of full-scale systems. The GR demonstrations
completed under this project are among the first full-scale applications of GR to coal-
fired utility boilers in the United States. Regarding Sl technology, prior to the
demonstrations under this program, EER demonstrated Furnace Sorbent Injection (FS!)
at Richmond Power and Light's Whitewater Valley Unit #2, in Richmond, Indiana
{England, 1993). The experience gained in retrofitting this 61 MWe tangentially-fired
unit with an Si system was of great value in the design of the GR-SI demonstration

projects.

1.2.5 Performance Requirements

The specific performance goals of the these demonstration projects was to achieve
NO, and SO, emission reductions of 60 percent and 50 percent, respectively. The
focus of the program was to demonstrate the application of combined GR and Sl
technologies t6 meet stringent emission regulations when firing medium to high sulfur
coals. The overall goai of the project was to meet these emission reduction levels,

and do so with acceptable unit operability and minimal operating cost.

1.2.8 Project Block Flow Diagram

To achieve the program objectives, the project was conducted in phases. The
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following three project phases were applied (refer to Figure 1-2, project block flow

diagram) :
° Phase | Design and Permitting
® Phase 1l Construction and Startup
L Phase Il Operation, Data Collection, Reporting, and Disposition

During Phase |, a six volume report was prepared for each of the three potential sites.

The volume titles are as follows:

L Volume 1 Summary

° Volume 2  Baseline Test Report

° Volume 3  Process Design Report

L Volume 4  Engineering Design Report and Phase 2 Construction Plan
. Volume 5  Environmental Report

o Volume 6 Phase 3 Test Plan

Phase I, which is completed, culminated with the development of a complete plan for
the remainder of the project. During this phase, engineering assessments were made

for the application of GR-SI technologies to three host sites:

. Illinois Power’s Hennepin Unit #1, a 71 MWe (net} CE tangentially-fired
coal unit

. City Water Light & Power’s Lakeside Unit #7, a 33 (gross) MWe B&W
cyclone-fired coal unit

L Central lllinois Light Company’s Edwards Unit #1, a 117 (net) MWe Riley

Stoker wall-fired coal unit

As a result of these engineering assessments, Edwards Unit #1 was eliminated for

further consideration. This was due to the extensive and costly modifications required
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to the existing electrostatic precipitator for the demonstration of the Sl technology.

In Phase Il, which is also completed, the GR-S| systems were retrofitted to the
Hennepin and Lakeside units. Checkout and startup of the equipment was also

successfully accomplished.

Phase Il of the project involved operational demonstration of the technology.
Following startup, a series of pre-planned parametric tests were performed
independently on the GR and Sl systems. These tests were conducted at different
boiler load conditions and involved varying operational control parameters such as
boiler zone stoichiometric ratios, natural gas heat input, FGR flow rate, OFA flow rate,
sorbent feed rate, etc. Also, an assessment of the effect on boiler emissions and

thermal efficiency was completed.

A long term ({one year duration) testing program was carried out to judge the
effectiveness of the technologies for reducing NO, and SO, emissions over variable
load conditions, to assess the impact of the operation on boiler equipment, to gain
experience in operating GR-Sl in a normal load-following environment, and to develop

a database for use in subsequent GR-S! commercial applications.

1.2.7 Project Locations

The first demonstration was performed at lllinois Power’s (IP} Hennepin Unit #1,
located in Hennepin, lllinois. This unitis a 717 MWe {net) tangentially-fired boiler that
fires high-sulfur lllinois coal. The second demonstration was performed at City Water
Light & Power’s (CWLP) Lakeside Unit #7, located in Springfield, lllinois. This unit is

a 33 MWe (gross) cyclone-fired boiler that also fires high-sulfur lllinois coal.

The third demonstration was proposed for Central lilinois Light Company’s (CILCO)

Edwards Unit #1, located in Bartonville, lllinois. This unitis a 117 MWe (net} wall-
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fired unit. It was eliminated from consideration after completing the engineering
assessment due to the excessive capital cost requirement to upgrade the existing

electrostatic precipitator (ESP) so that S| for sulfur dioxide removal could be tested.
Information on the Edwards Unit is not included in this report; however, six reports
were issued, as delineated in Section 1.2.8. These reports may be obtained from the

U.S. DOE (Cooperative Agreement DE-FC22-87PC79796).

1.2.8 Project Status

The project was awarded in July of 1987. GR-Sl systems were designed, installed,
started up and tested, both parametric and long term testing being completed.
Demonstrations at both the Hennepin and Lakeside sites were successful in meeting
project performance goals. The total project cost to complete the GR-SI
demonstrations at two electric utility host sites was $37.5 million. The project was

completed with the issuance of this report in April 1296.

1.2.9 Summary of Planned Test Programs

For the GR-S| demonstrations at both Hennepin and Lakeside, similar test programs
were implemented. The only difference between the two sites was that at Hennepin,
a flue gas humidification system was installed and an additional test program
implemented to determine the effectiveness of the humidification system in improving

the electrostatic precipitator performance.

The objectives of the testing program were to:

. Optimize operation of the GR-SI system
. Demonstrate that performance goals have been achieved

L Quantify costs and operational impacts of the GR-S! system
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° Develop a data base for other commercial applications of the GR-SI

systems

The planned tests were divided into three broad groups for both parametric and long

term testing:

L Tests and inspections during unit outages
. Baseline tests

e GR-SI tests

Tests during outages were intended to document the physical condition of the boiler
before and after various periods of GR-SI| operation. During each outage of long
enough duration to allow access to the boiler, the boiler and ESP were visually
inspected by EER and power plant personnel. Boiler tube deposit samples were taken
during some of these outages and tube thickness measurements were also completed

several times during the test program.

The baseline tests were divided into three types: tests completed during fifty days of
normal operation prior to GR-SI testing, standard test points {(maximum load) taken
before startup of the GR-Sl system, and baseline testing at set points each day during
optimization and alternate coal/sorbent tests. At the end of a test period, emissions
versus load baseline data together with worst case load scenarios were used to
calculate 30 day rolling averages to determine what 30 day emission reduction

percentages were achieved when using the GR-SI technologies.

The objective of the GR-SI test program was to achieve NO, reductions of 60% and
S0, reductions of 50% without adversely affecting boiler operability. The variables
that were evaluated during GR-SI testing are shown below in Table 1-1. The unit

operability criteria of most interest were:
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) Furnace exit gas temperatures

° Tube metal temperatures
[ ] Steam temperatures and attemperation spray
° Combustion efficiency

L Ash deposition (slagging and fouling)
° Particulate emissions and stack opacity

] Fly ash disposal operation

Table 1-1. GR-SI PRIMARY VARIABLES AND THEIR FUNCTIONS

Variable

Major Function

Other Effects

Nat. Gas/Coal Heat

NO, Reduction

S0,, Particulate

fnput Reductions
Sorbent/Coal (Ca/S S0, Reduction Fouling, ESP
Ratio) Performance

Sootblowing Cycle

Fouling Reduction

Tube Erosion

Humidification

(Hennepin)

ESP Performance

Fouling, Corrosion

Primary Zone Excess Air

Less Reburning Fuel

Slagging, Increased LOI

FGR Rate

Nat. Gas Dispersion

Furnace Temperatures

Overfire Air (OFA}

Fuel Burnout

Steam Attemperation,
Boiler and ESP

Efficiencies

Sorbent Transport Air

Sorbent Dispersion

Similar as for OFA

1.2.10

Project Schedule

The overall project schedule is shown in Figure 1-3. After contract award, following

finalization of the U.S. Department of Energy - EER Agreement, the project was

initiated on July 1, 1987. The project was completed on February 29, 1996.
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1.3 Objectives of the Project

The primary objective of the project was to demonstrate the long term viability of the
GR-SI technology on different boiler types and to evaluate the technology for its
potential for reducing the major acid rain precursor emissions from these boilers, NO,

and SO, by 60%and 50%, respectively. Another objective included providing GR-SI

systems that were easy to operate and relatively maintenance free.

The Hennepin GR-S| demonstration project included the installation of a flue gas
humidification system. The purpose of this system was to improve the existing ESP
performance to maintain low stack opacity levels when sorbent was being injected

into the boiler furnace.

With the injection of calcium-based sorbents into a boiler, other acid rain promoters
such as hydrogen chioride and hydrogen fluoride will react and also be removed by the
sorbent, so another objective was to evaluate the sorbent in regard to removal

efficiencies for these minor acid rain precursors.

1.4 Significance of the Project

Coal-fired power plants have been cited as the major source of the acid rain precursors
{NO, and SO,) and there is considerable pressure within the United States and from
Canada to reduce the emissions of these precursors. Current legislation to place
further environmental controls on the utility industry is increasing the cost of power
and impacting the mining industry in the East and Midwest as utilities switch to low
sulfur Western coal to meet their SO, emission requirements. To keep down the cost
of electricity and to keep the coal mines operating in the East, there is a need for a
low-cost pollutant control technology that 1) can be applied without difficulty to
existing pulverized coal-fired boilers, 2) can be tuned to the site specific needs of a

particular utility, and 3) will have a minimal impact upon the cost of power.
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The cost of electricity from pulverized coal-fired boiler/steam turbine plants is

influenced as follows:

® Purchased price of coal on a cost/10° Btu basis is the prime cost
component.
. Coal properties that influence availability, capacity, heat rate, and

maintainability also affect the cost of power generation. The properties
which translate into the highest maintenance cost are the quantity and
composition of mineral matter in the coal. The mineral matter {ash) is
erosive thus increasing the wea; rate in coal grinding/pulverizing
equipment. Also during combustion ash can cause problems due to
furnace slagging, steam generator tube fouling and erosion/corrosion.
The percentage and composition of the coal ash also dictates the need

and size of flue gas particulate control devices.

° Other required pollution control devices used to limit the emissions of
nitrogen and sulfur oxides also add to the cost of electricity. Here, the
coal properties of importance in determining the cost of the required
control equipment are the nitrogen and sulfur content.

The benefits of GR-S| are as follows:

] NO, emissions are reduced by 60 percent and greater.

] S0, emissions are reduced by 50 percent and greater.
L GR-SI provides the utility with flexibility in coal selection to meet acid

rain control legislation.



o GR-S| can be retrofitted to pre-NSPS (New Source Performance

Standards} tangential, wall or cyclone fired boilers.

L GR may be combined with in-furnace or duct injection Sl technologies

or with other SO, removal technologies such as flue gas scrubbers.
° GR can improve the operability of some pulverized coal-fired boilers.

The GR-S| demonstrations were the first applications to Ial"ge utility boilers in the
United States. GR-SI was demonstrated to be a feasible, low cost and easily
retrofitted NO, and SO, control technology. Sorbent requirements to provide a given
reduction in SO, emissions may be reduced in direct proportion to the percentage of
total heat input fired as natural gas. Increased gas usage will reduce the load on the

particulate control devices due to less particulate sorbent being required.

GR is applicable to all types of boilers, and since viable commercial NO, control
technologies for cyclone-fired units is limited, GR especially provides a very important
NO, control technology for these units. The NO, performance results of these
successful demonstrations permit comparison of performance and economic factors
for agentinjection (ammonia or urea} technologies in catalytic or non-catalytic systems
and other techniques currently in use to control NO, emissions from cyclone-fired

units.

1.5 DOE’s Role in the Project

The U.S. Department of Energy provided both funding and project/technical review.
Approximately 50% of the project funds for the design, construction and testing of
the GR-S! system were received from DOE. The DOE also provided management
review of the GR-SI system designs, construction plans, environmental monitoring

plans, and test results. The DOE was responsible for monitoring all aspects of the
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project and for granting or denying the approvals required by the Agreement between
DOE and EER, including direction {or redirection) of the effort and approval of technical

reports. Other participants in the project are identified in Section 1.2.2.

1.5.1 Management Plan

The overall management of the program was designed to achieve the program goals
in a technically sound, cost efficient and timely manner. EER was the prime
participant responsible for conducting this project as directed and funded by the three
funding participants: the U.S. Department of Energy (DOE), the Gas Research Institute
{GRI} and the State of lllinois

Department of Commerce and Community Affairs (DCCA). Participant and Senior
Review Committees were established to ensure that the directions provided to EER by

the funding entities were uniform and consistent.

EER was responsible for all aspects of the project performance and coordinated the
host site utility and subcontractor work on the project. EER also established an
Industry Panel to transfer the project results to industry to encourage
commercialization of the GR-S! technologies. EER worked closely with the U.S. DOE

Project Manager and the assigned host site managers for the project.

EER continually monitored the cost and schedule status of the project and adjusted the
work efforts as required to achieve the project goals. The DOE provided program
direction and management review of system designs, construction and environmental
monitoring plans, and test results. The DOE was also responsible for granting or
denying all change orders required during the project and reviewed and approved all

technical reports.
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1.5.2 Organization Chart
An overall project organization chart is shown in Figure 1-4. It depicts the

management structure of the project and the relationship between EER, the prime

participant, the funding participants and the host utilities.
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2.0 TECHNOLOGY DESCRIPTION

The techneologies demonstrated under this project were GR for nitrogen oxide
emissions control and SI for sulfur dioxide emissions control. This section presents
a brief overview of the GR and S| processes and their history regarding development

of the technologies.

Reburning for NO, control has been under development for the past two decades.
Early work in the use of hydrocarbon (HC} fragments to reduce NO, emissions was
conducted by J. Wendt of Shell Oil Development. Other early work in reburning was
carried out by the John Zink Company (Reed’, 1969).

tn the early 1980’s, commercial reburning technology was first applied on a full scale
unitin Japan, where the technology is known as the Mitsubishi Advanced Combustion
Technology (MACT), developed by Mitsubishi Heavy Industries Ltd. and Ishikawajima-
Harima Heavy industries Ltd. (Takahashi, et al.2, 1981).

EER has been working on reburning technology since 1980 and has carried out
extensive bench and pilot scale testing to characterize process parameters and develop
appropriate scale-up methodologies for full scale applications to U.S. boilers (Chen et
al.%; 1983, Greene et al., 1985; McCarthy et al.®, 1985) . The GR demonstrations
at Hennepin and Lakeside are among the first full-scale applications of GR to coal-fired
utility boilers in the U.S. GR has also been successfully applied to units in Japan,

Italy, Ukraine, and Sweden.

Regarding Sl technology, prior to the GR-SI demonstrations at Hennepin Station Unit
#1 and Lakeside Station Unit #7, EER demonstrated FSI at Richmond Power and
Light's Whitewater Valley Station Unit #2, in Richmond, Indiana (England®, 1993).
The experience gained in retrofitting this 61 MWe tangentially-fired unit with an SI

system was of great value in the design of succeeding Sl systems.
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The capture of sulfur dioxide is a direct function of sorbent sulfation which is highly
dependent on the injection temperature, the temperature quench rate, the sorbent
particie size and porosity characteristics, and the manner in which the sorbent is
injected into the boiler. The SO, reductions obtained in the Richmond unit tests were
correlated to S! process and boiler performance parameters, including the calcium
{sorbent) to sulfur (coal) molar ratio, S! configuration {injectors in service), injection
velocity, and furnace exit gas temperature. The results of that program added to
EER’s understanding of the impacts of process parameters and aided in optimizing
future designs. The Richmond FSI| project was co-sponsored by the Electric Power

Research institute (EPRI} and the U.S. Environmental Protection Agency {EPA).

2.1 Description of the GR-S! Technology

GR-Sl is an application of two processes which may be applied separately or together
for NO, and/or SO, control (EER?, 1987). With GR natural gas is injected into the
utility boiler furnace above the conventional fuel {coal for these demonstrations)
burners {primary zone) to form a slightly sub-stoichiometric reducing region called the
reburning zone. Here, hydrocarbon fragments, carbon monoxide and hydrogen reduce
NO, to hydrogen cyanide {HCN), ammonia (NH,), and the desired N,. Any HCN or NH,
intermediates formed in the reburning zone are subsequently converted to N, or
oxidized back to NO in the burnout zone. In the burnout zone which is above the
reburning zone, OFA is injected into the furnace to complete the combustion of the
reducing-gases formed in the reburning zone. The furnace plane selected to add the
OFA is optimized by considering reducing gas and carbon burnout in conjunction with
selecting a temperature zone in the furnace that is sufficiently low to prevent re-

formation of NO.

In the demonstrations at Hennepin Unit #1 and Lakeside Unit #7, an inert carrier gas
was used to enhance the mixing and dispersion of the reburning fuel {natural gas) in

the furnace. For these demonstrations, FGR was used as the reburning fuel carrier
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gas.

The GR-SI process divides the furnace into four zones, as illustrated in Figure 2-1.

The zones are as follows:

Primary Zone - Coal fired through conventional burners corresponds typicaily to 75 to
85% of the total heat input. The nitrogen oxides produced in this zone, which is an
excess air combustion zone, is referred to as "primary NO,". Coal combustion in this
zone is operated at as low an excess air level as permitted by constraints such as
flame stability, slagging, and fly ash carbon loss. Excess air is minimized to reduce
reburning fuel requirements. Since the coal firing rate is reduced to 75 to 85% of the
normal firing rate, the reduced burner heat release and lower excess air result in a
lower "primary NO," level. For the Hennepin tangentially-fired unit the excess air was
reduced from approximately 15% at baseline to 10% when using GR. For the
Lakeside cyclone-fired unit, the excess air level was not changed from baseline levels
due to concerns of creating reducing zones which could create excessive cyclone

barrel heat transfer tube wastage.

Reburning Zone - This zone is formed above the burners by the injection of reburning
fuel. Reburning fuel is injected at a rate corresponding to 15 to 25% of the total heat
input. The design reburning zone stoichiometric ratio is nominally 0.20. The injection
location, number of injectors, and amount of carrier gas are optimized to achieve rapid
mixing of reburning fuel with the flue gas and to provide for thorough dispersion of the
reburning fuel throughout the furnace. The upper furnace volume and gas residence
time under reburning zone conditions is a critical design parameter. A residence time
of 0.3 to 0.5 seconds is preferred, but residence times as low as 0.25 seconds, such
as that for Lakeside Unit #7, still yielded good performance. The flue gas temperature
is another parameter which impacts reburning efficiency; higher temperatures have a

positive impact by increasing reducing reaction kinetics.

2-3



Sorbent [Ca(OH)2} J EXIT
Ca/S Ratio of 1.5t0 2.5
(Sorbent Injection)
Sorbent Air P
ZONE

BURNOUT

Overfire Air P (Oxidizing)
Normal Excess Air

Flue Gas Recycle
Used at Hennepin and Lakeside

Natural Gas
15 to 25% of Total Heat Input

Coal to Burners
Reduced from 100% to 75-85% of Total Heat Input

Air to Burners
Low Excess Air

Figure 2-1. GR-SI process used in demonstrations

2-4



Burnout Zone - In the final zone, OFA is added to burn out the fuels under normal
boiler excess air. OFA js injected at a sufficiently high temperature to burn out CO
and carbon in fly ash. To minimize gas temperature quenching, preheated secondary

combustion air is used.

The level of NO, control achieved by GR depends on boiler-specific details, such as
the "primary NO," level, reburning fuel injection details such as reburning zone

residence time and temperature, as well as the type and quantity of reburning fuel.

Exit Zone - When Sl is applied with GR an exit zone or Sl zone is added. This is the
zone where sorbent is injected with air that is used to carry sorbent into the upper
furnace. The exit zone stoichiometric ratio is only slightly higher than the burnout
zone stoichiometric ratio. With Sl, micron-sized sorbent, such as hydrated lime
Ca(OH]},, is injected into the furnace to capture SO,. The sorbent reacts with SO, to
form calcium sulfate (CaSO,} and calcium sulfite (CaSO,;) which are captured by a

particulate control device such as an ESP or baghouse.

In the furnace, sorbent first undergoes calcination to form highly reactive calcium

oxide, Ca0. The furnace reactions to capture SO, , using a hydrated lime sorbent are

as follows:

U Calcination The first step is the thermal decomposition of calcium-based
sorbents, such as limestone (CaCQ;) or hydrated lime (Ca{OH),), upon
heating. The following two reactions illustrate this process:

CaCO, + heat - CaO + CO,
Ca{OH), + heat - Cad + H,0
. Sulfation The second step is the reaction of the CaO particles with SO,

and O,. The surface area and reactivity of the sorbent are functions of
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the sorbent type and temperature history. Special additives also enhance
sorbent reactivity to SO,. The sorbent sulfation processes are iliustrated

by the following equations:

Ca0 + SO, + % 0, —» CaS0, (solid) Imajor]
Ca0 + SO, - CaSO0, (solid) [minor]
Ca0 + S0, - CaS0, (solid) [minor]

Extensive evaluations of a variety of sorbents were completed both at EER’s test
facitity in Santa Ana, California. Linwood hydrated lime was found to perform well
and to be cost effective relative to other commercially available sorbents. Since this
sorbent was selected for the tangentially-fired boiler, it was also used at Lakeside for
comparison purposes. The composition and properties of Linwood hydrated lime are
listed in Table 2-1. This hydrated lime has a high, some 96%, Ca{OH), content. The
hydrated lime particles are small in size consist and porous which results in a high

surface area per unit mass, an optimal feature for reaction with SO,.

The mechanism for reaction with SO,, the impact of sorbent properties, and the
limitation of SO, capture created by sorbent pore blockage, are illustrated in Figure 2-
2. The SO, control with Sl is limited by the rate at which solids may be injected
ahead of the superheaters to keep fouling of the convective pass heat transfer
surfaces at an acceptable level. Typically, a minimum calcium (sorbent) to sulfur

{coal) molar ratio of 2.0 is needed to achieve 50% SO, reduction.

Sorbent reactivity is a function of sorbent type, particle size and surface area,
temperature history, and the presence of additives. The smaller the sorbent size, the
higher the reactive surface area and therefore the greater the reactivity. Sorbent
sulfation occurs primarily in a temperature window of 1,600 to 2,200°F (870 to

1200°C). For best sorbent calcium utilization, an adeguate gas residence time in this

temperature window is required. Therefore, the sorbent must be injected at an optimal
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TABLE 2-1. LINWOOD HYDRATED LIME ANALYSIS

Constituent Units Linwood Hydrated Lime

Ca(OH), W1t% 95.82
Mg(OH), Wt% 0.14
CaCo, Wt% 1.21

$i0, Wt % 1.65
Fe,0, W1t% 0.50
AlLO, Wt% 0.60
S0, W1t% 0.08

Total Wt% 100.00 {normalized)

Surface Area m*g 15.5
Mass Median Diameter M 2.88
Density g/cm?® 2.18
Butk Density, Loose b/t 25

Bulk Density, Settled Ib/ft? 30

temperature and rapid mixing with furnace gases must occur. The maximum SO,
reduction is limited by the rate of sorbent injected. Higher rates, although better for
SO, capture, lead to convective pass fouling and a higher demand on ESP

performance.

Standardized methodology was used to design the GR-S! systems; Figure 2-3
illustrates the technical approach used. Field data, including gas temperature and
velocity measured at several planes, gaseous emissions, fuel compositions,
water/steam cycle data, efficiency/heat rate data and boiler operating data were
obtained from field tests during the design phase of the project. The field data were
used to calibrate the heat transfer model, define the flow field in the reduced-scale
physical flow model, and provide inputs to NO, and SO, reduction kinetics models.

The data were also used to evaluate boiler specific GR-S| process requirements to
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Figure 2-3. Technical methodology used for process design
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achieve targeted emissions reductions and to evaluate the performance of candidate
reburning fuel, OFA and S! systems. Potential impacts of GR-S] on fireside conditions
(slagging /fouling}, tubewall wastage, particulate collection by the ESP and solid waste

disposal were also assessed.

2.2 Hennepin Unit #1 Demonstration

This host site is located in Hennepin, lllincis and lllinois Power Company owns and
operates the Hennepin Station. Unit #1 at the Hennepin site was used for the GR-SI'
demonstration. This unit was supplied by Combustion Engineering {CE) and began its

initial operation in 1953,

2.2.1 Hennepin Host Site Description

The host unit is a 71 MWe (net) CE tangentiaily coal-fired unit. Figure 2-4 is a
schematic showing the major components of the boiler and Table 2-2 contains the
design specifications. At its nominal continuous rating, the unit produces steam at a
rate of 525,000 Ib/hr (66.3 kg/s), at a temperature of 1T005°F (541°C) and a pressure
of 1450 psig {10,000 kPa). The unit reheats steam at a rate of 462,000 Ib/hr (58.3

kg/s) to the same design temperature.

it is tangentially fired with three elevations of coal nozzles located in each of the four
corners. The burners have tilting capability to automatically control reheat steam
temperature. The convection passincludes asecondary superheater, high temperature
reheater, iow temperature reheater, primary superheater, economizer and tubular air

heater.

Coal is pulverized by three Raymond bowl mills, each having a capacity of 17 tons/hr
{4.29 kg/s) to a fineness of 70% passing 200 mesh {74 microns) and 98% passing
50 mesh {297 microns}. Coalis pneumatically conveyed using 160°F {71 °C) primary
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TABLE 2-2. HENNEPIN UNIT #1 BOILER SPECIFICATIONS

Manufacturer

Fuel type

Boiler Firing Configuration
Number of Pulverizers

Superheat Steam Flow Rate

Superheat Steam Temperature
Steam Pressure

Reheat Steam Flow Rate
Reheat Steam Temperature
Design Boiler Efficiency
Furnace Dimensions

Furnace Volume

Furnace Heat Release

Heating Surface Areas:

Furnace

i+

Superheater

Reheater

Economizer

Air Heater

Combustion Engineering
Pulverized Coal, lllinois Bituminous
Tangentially-Fired, Balanced Draft
3, with 3 Burner Elevations
525,000 Ib/hr @ Normal Continuous
Rating

1,005 °F

1,450 psig

462,000 Ib/hr

1,005 °F

87.0%

25" 10" wide x 23’ 11% " deep
49,200 ft?

14,100 Btu/hr/ft®

9,465 ft2
50,000 ft?
7,830 ft2
8,950 ft?

172,500 ft?




air from the pulverizers to twelve tilting nozzles, three in each corner of the furnace,
where 450°F to B30°F (232°C to 277°C) secondary air is added to complete
combustion of the coal in a tangentially swirled combustion zone. The high
temperature flue gas then passes through a superheater, reheater, economizer, and

a tubular air heater before being ducted to the electrostatic precipitator.

Unit #1 is equipped with a Buell modular electrostatic precipitator. The precipitator
was installed in 1974. The specific collection area {SCA) is 223.4 ft?/1000 acfm
(43.97 m?/m¥/s). It has four electric fields and a total effective plate area of 64,800
square feet (6,020 m?. The particulate collection efficiency is 99.5% with a
maximum outlet dust loading of 0.01 grains per acf (0.023 g/m®. The operating
permit for Hennepin Station limits the SO, emissions from both Units #1 and #2 to
17,050 Ib/hr {2.15 kg/s). To comply with this limit, under all operating conditions, the
S0, emission potential from the coal being fired must be less than 6.0 Ib/10% Btu
(2,580 mg/MJ).

2.2.2 Hennepin GR-SI Retrofit Requirements

The retrofit of the GR-SI system involved the erection of a sorbent silo, installation of
a pneumatic conveying system for transporting the sorbent to the boiler, installation
of natural gas piping to gas injectors at the boiler, installation of the OFA system,
installation of a FGR system for natural gas injection, and the relocation of the existing
induced draft fans. Modifications were also made to the ash handling system, power

distribution system, sootblowing system, and control system.

Due to the doubling in particulate loading and the reduction of sulfur trioxide (ESP
conditioning agent) in the flue gas created by SI, a flue gas humidification system was
installed to enhance the existing ESP performance for the Sl demonstration.
Modifications to the existing flue gas breeching was required for installation of the

humidification system. For more details regarding these retrofit requirements, see

2-13



Section 4.2.

2.2.3 Hennepin GR Process Description

The GR process at Hennepin inciuded three integrated systems: 1} natural gas
injection, 2) FGR and 3) OFA injection. In the GR process, natural gas is mixed with
recirculated flue gas at the gas injection nozzles located above the primary combustion
zone. The FGR system provides for added momentum, dispersion and mixing of the
natural gas with the furnace flue gases to create the reducing zone required to
facilitate reduction of NO to N,. Above this reducing zone, OFA is added to complete

the combustion of the combustibles leaving the reburning zone environment.

A six-inch pipe line supplies natural gas to the reburning control and metering station.
From this station natural gas is distributed to the natural gas injector nozzles located
at the corners of the furnace. The natural gas valve train, common to all natural gas
injection nozzles includes a flow control valve, flow meter and safety shut-off valves.
The naturai gas injection nozzles are located some eight feet above the highest corner
fired pulverized coal burner and are arranged in a similar manner to that for the coal

burners.

There are four injection nozzle locations. A nozzle is located on each of the four
furnace corners and the injection ports are positioned in a vertical alignment. The gas
nozzies, like the coal burners, have the ability fo tilt vertically upward and downward
(note: the tilt function was later removed). The natural gas injection system was
designed to fire 136 x 10°® Btu/hr of natural gas, or approximately 20% of the total

furnace heat input at fuil boiler load.

The FGR system delivers flue gas to the natural gas nozzles to improve furnace
penetration and mixing of the gas in the furnace. Boiler flue gas is drawn from the

breeching between the economizer outiet and the air heater inlet through a multiclone
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mechanical dust collector into the FGR fan. The multiclone system removes some
80% of the particuiate from the flue gas prior to entry into the suction of the FGR fan.
The FGR fan boosts the flue gas pressure from -6" W.C. to 28" W.C.. The FGR flow
is measured with a venturi flow meter downstream of the multiclone and upstream of
the FGR fan. The flue gas from the discharge of the FGR fan is ducted to all four
natural gas injection nozzles located on the corners of the furnace. The hot FGR is

mixed with the natural gas at the injection nozzles.

2.2.4 Hennepin S| Process Description

The Sl system is designed to provide for sorbent unloading and storage, and transport
for upper furnace injection. Sorbent is delivered to the site by 25 ton pneumatic
tankers and is unloaded to the sorbent silo storage bin, from the silo sorbent is fed
into a weigh hopper. A variable speed rotary feeder supplies the sorbent from the
weigh hopper to the sorbent screw pump. Here, pneumatic transport air from a
positive displacement blower transports the sorbent through high load and low load
flow splitters at an adequate rate (proprietary) to provide for continuous flow of
sorbent to the upper furnace sorbent injectors. The rotary feeder speed is controiled
to meter the flow of sorbent into the system, the rate controlied according to boiler

load and Ca/S ratio desired.

2.2.5 Hennepin Humidification Process Description

The purpose of the humidification system was to decrease fly ash resistivity to
improve removal performance in the downstream electrostatic precipitator over the
range of boiler load from 12 MWe to 71 MWe at full load. The flue gas humidification
system was designed to cool flue gases exiting from the air heater at a temperature
of approximately 350°F down to a temperature of 175°F, which is approximately
70°F above the dew point temperature of 105°F for the design case flue gas analysis.

The system was designed to provide this maximum cooling range of 175° at boiler
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MCR, with all humidification equipment sized accordingly. Based upon EER’s
humidification experience from Richmond Power & Light’s Whitewater Station and the
performance studies performed by EER and Southern Research with respect to ESP
performance, EER did not anticipate having to operate at 175°F, but we designed in

the capacity to do so.

When sorbent is added to the flue gas stream particulate loading to the ESP is
increased. Further, the sorbent reacts with sulfur trioxide that is formed during coal
combustion. Sulfur trioxide is a naturatly occurring ESP flue gas conditioner that for
high sulfur coals yields fly ash resistivities suitable for good ESP performance. When
the sorbent reacts with sulfur trioxide to form CaS0O,, fly ash resistivities are increased
and ESP performance is reduced. By cooling the flue gas with water spray
evaporation, the cooler gas and increased moisture content of the flue gas decreases
the resistivity of the fly ash, bringing it into a range (10® ohm-cm to 10'' chm-cm) that

restores ESP performance.

The flue gas duct on the inlet of the ESP was modified for installation of the
humidification system. These modifications were necessary to obtain the residence
time required to completely evaporate the water prior to ESP entry. The water for
humidification is provided from the plant’s service water supply system. A water
booster pump was installed to provide the pressure (proprietary) required for good
atomization of the water. The water was pumped to six humidification lances, with
six dual fluid atomizers per lance. Compressed air was provided to the lances from
rotary screw air compressors, and the ratio of air/water was set (proprietary} to
provide for good water atomization (evaporation) to cool the flue gas prior to ESP

entry.

2.2.6 Hennepin GR-S| Overall Block Flow Diagram

The process units for the GR-S| system are shown in block diagram form in Figure 2-5.
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The natural gas reburning injectors were instalied above the existing tangentially-fired
coal burners, with OFA being added above the injectors but prior to SI. The reburning
control system was integrated into the existing boiler control system. The Sl system
included a storage silo, weigh hopper and transport system to deliver sorbent into the
furnace at a point above the OFA injection point but prior to the furnace exit. The flue
gas humidification system was installed in the inlet ductwork to the existing
electrostatic precipitator. The original ductwork was modified for installation of
thehumidification system. Table 2-3 shows the overall mass and energy balance for
Hennepin Unit #1 when applying the GR-SI technology. The mass flow rates for the
process streams flowing into and out of the process blocks, as delineated by the

stream numbers shown in Figure 2-5, are shown in Table 2-4.

2.3 Lakeside Unit #7 Demonstration

This host site is located in Springfield, lllinois. Unit #7 at the Lakeside Station was
used for the GR-Sl demonstration. This unit began its initial operation in 1953 and was
supplied by Babcock & Wilcox (B&W)}. The Lakeside Station is owned and operated
by the Springfield City Department of Water, Light and Power.

2.3.1 Lakeside Host Site Description

The host unit is a 33 MWe (gross) cyclone coal-fired unit. itis normally operated only
five months per year: April, June through August and October. The GR-Sltesting was
designed to conform to this operating schedule. Figure 2-6 is a schematic showing
the major components of the boiler and Table 2-5 contains the design specifications.
The unit, supplied by Babcock and Wilcox (B&W)}, has two seven foot diameter
cyclone furnaces on the front wal firing crushed coal. At its Maximum Continuous
Rating (MCR) the unit produces 320,000 Ib/hr (40.3 kg/s) of steam at a temperature
of 310°F {488°C) and pressure of 875 psig (6030 kPa). It has a design efficiency of
88.10%.



TABLE 2-3. HENNEPIN UNIT #1 OVERALL MASS AND ENERGY BALANCE
w/GR-SI @ 71 MWe Net Power Out

Basis: 60°F & H20 as liquid

input:

Furnace -

Coal, incl. heat of combustion
Natural Gas, incl. heat of combustion
Burner Air

OFA

Sl Air

Sorbent

Humidification Unit -
Atomizing Air

Water

Total

Qutput:

Furnace -

Bottom Ash, incl. heat of combustion
Boiler -

Energy to Steam Cycle

ESP -

Fiy Ash, incl. carbon heat of

Stack -

Flue Gas

System Heat Loss

Total

Lb/hr

67,240
6,150
495,147
162,908
19,442
6,087

5,000
12,500

754,474

Lb/hr

1,125

11,521

741,828

754,474

Btu/hr
608,571,983
133,581,550

13,254,496
4,093,160
310,853
27,393

91,882
649,875

760,581,192
Btu/hr
1,034,107
642,539,430
1,331,311

109,864,276
5,812,068

760,581,192



Lt Ll Sl Gt 56 St ‘eisd ‘BINSSDIg
£L2 £L2 182 08 08 Zse 4o ‘aimesadwag
828" LvL Les'tLt 6YL'ESL 000'S 008°Z1L 6v8'6EL |eyoL
nyq| /g gy n/q y/q| LT ajey
WANO 1|pnQ
UOHeII PN H G} 191epA te1eaH iy @
sep yoeg waqiog/yse Al4 seg) an|y Iy Buiziwoly uoneaIpILIny seH anig awie wesns
¥l £l 4! Ll ol 6 ‘ON weang
Lt L'l LSl 61l G591 9'G1l 6l L'yl ‘eisd ‘ainssaid
4o’
000€ ~ ot ot vES 08 00L YES 09 ‘aimesadwia )|
pZi'L £80'9 Zvv'el 806°ZS1 051’9 SLL'ET Ly1'66Y ove'Ls le3o L
yq| /g y/q| Jy/qy yfqj y/q) yrq) y/qy ayey
{H944)
“HO)eD {v40) seg anj4
ysy wollog uaquog Ny Juaqiog Iy anpanQ sen |einienN paienaisay 1y Jeumg [eo?) SwuUEN Wweails
8 L 9 G ¥ £ z L ‘ON weang
S3IONVIVE SSVW IS-HD L# LINN NIdINN3IH "$-¢ 3719V.L

2-20



Primary
r} Superheater
GAS OUTLLT !
-
) Ll
- 3 ~ Secondary
Superheater
/’ 1
AR AT \
: s )
N ) l "--.. ; .
ifij é, gyc]one
; iser
L: f”/’ Platens
= lanl UF //’//ﬂ
ns ke
B
) | ‘ 11
Boiler f W i
Bank - -:..
§\\ . :. i
Rear ~ | | NG
Platens
! h
b —
]

|
|

Figure 2-6. Schematic of Lakeside Unit #7

—y— e - ——

107"

2-21



TABLE 2-5. LAKESIDE UNIT #7 BOILER SPECIFICATIONS

Manufacturer

Fuel type

Boiler Firing Configuration
Number and Size of Cyclones

Superheat Steam Temperature

Steam Pressure
Design Boiler Efficiency

Furnace Dimensions

Furnace Heat Release
Heating Surface of Boiler Components:

Boiler

Water Cooled Wall

Primary Superheater

Secondary Superheater

Babcock & Wilcox

Crushed Coal, lllinois Bituminous
Single Wall, Cyclone-Fired

2 - 7 ft. in Diameter

320,000 Ib/hr @ Maximum Continuous
Rating

910°F

88.1%

18" 0" wide x 4’ 6" deep

18’ 0" wide x 10" 3" deep
46,200 Btu/hr/ft?

11,854 ft2

5,164 ft?

9,634 ft?

4,013 ft?

The normal fuel supply is a medium-to-high sulfur lllinois bituminous coal. The cyclone

furnaces operate at a very high heat release rate creating molten siag which is

captured on the cyclone walls and flows to a slag tap at the bottom of the furnace.

Combustion gases pass through a narrow refractory-lined primary furnace, a radiative

secondary furnace, then through a convective pass consisting of secondary and

primary superheaters, a two drum steam generating bank and a regenerative air

heater.

The flue gas then passes through an ESP and is discharged to the stack.
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Steam temperature control is achieved with a drum attemperator mounted in the upper
steam drum. For control of fireside deposits, the unit is equipped with eight wall
blowers (IR) in the radiant furnace and seven retractable sootblowers (1K) in the

convective pass. The scotblowers use 250 psig {1720 kPa) steam supply.

The ESP is a relatively new unit providing a specific collection area of 500 ft? of
collecting plate per 1000 actual cubic feet per minute of fiue gas (98 m?/ m¥/s}. Fiue
gases from Units 7 and 8, both of which have a nominal capacity of 33 MWe {gross)
flow thru the same ESP. The ESP was designed to receive flue gas from four units,
two of which have been decommissioned, therefore itis oversized when receiving flue
gas from just two units. Typically only two of the four fields were used prior to

initiation of the GR-S! project.

2.3.2 Lakeside GR-S! Retrofit Requirements

Several modifications were required to adapt the GR-S! system to the Lakeside Unit.
Natural gas was piped to ten injection nozzles on the boiler rear and side walls. Six
of the injectors were designed to mix with FGR to enhance jet penetration and mixing
and four were designed to inject natural gas only. The design natural gas input
accounts for 23.6% of the total heat input and the FGR corresponds to 3 to 5% of the
total boiler exit flow. The FGR system incorporates a high static booster fan and a

multicione dust collector.

OFA is injected through six ports on the rear wall of the furnace. OFA is extracted
from two secondary air ducts which have sufficiently high static pressure, therefore
the system did not require an OFA booster fan. The flow of OFA through each port
is controlled by flow dampers. The Sl system was designed to inject sorbent at a rate
corresponding to a Ca/S molar ratio of 2.0, The single sorbent/transport air stream
is divided into ten equal streams, which are then carried to ten injectors on the front

and side walls. Alsg, injection air is provided to enhance sorbent jet penetration and
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mixing.

2.3.3 Lakeside GR Process Description

The GR system was designed to convey, meter and inject natural gas through nozzles
into the region above the refractory lined primary furnace {reburning zone}). The
Lakeside Station had no gas firing capability prior to this project, therefore the gas
supplier installed a 6" (15 cm) high pressure header to the boiler house with a
metering and pressure reducing station. An 8" (20 cm) tie-in line was then installed
to carry the natural gas from this station to the reburning fuel flow/pressure regulation
and metering system. The natural gas train, common to all injection nozzles,
incorporates a pressure reducing valve, flow meter, flow control valve, safety shut-off
valve, and vent valves. Natural gas is reduced to a pressure of 15 psig (103 kPa), for
injection at a pressure of 2 to 4 psig {14 to 28 kPa). The design gas flow is 1978
scfm (0.9334 m3/s), with equal flow of 198 scfm {0.0933 m?/s) through each nozzle.

The nozzles protrude beyond the tubewall into the furnace. This feature helps keep
slag from building up and interfering with reburning fuel flow. The nozzles are water
cooled to prevent overheating and to further reduce slag deposition. Severai types
and sizes of injection nozzles were evaluated in this project including ceramic nozzles
which had significantly reduced cross-sectional area than originally specified and
stainless steel sleeves which did not project into the furnace and had no water
cooling. Most testing however was conducted with nozzles nearly identical in
dimensions to those originally specified by the design. Nozzle penetrations required
bent tube sections. The nozzle wallboxes were designed to permit nozzle cleaning
with the unit on line, through use of aspirating air. This was necessary for personnel

protection since the unit is a positive pressure design.

Flue gas was extracted from the breeching between the boiler exit and the air heater

gas inlet. This location was selected since it is upstream of the air heater, where air
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leakage increases the O, concentration. The normal FGR flow was 19,800 Ib/hr (2.51
kg/s}. Flue gas was directed through a multiclone dust collector which removes
particulate matter to prevent wear of the booster fan. The flue gas was then directed
to a high static fan which increased the static pressure from approximately + 1" W.C.
(0.25 kPa) to +20" W.C. (5.0 kPa). Flue gas was then routed to a venturi for flow
measurement, then to the six nozzles where dampers regulated the flow to each
injector. The FGR fan was equipped with tight shut-off dampers to prevent gas

leakage to the boiler exit when the GR-SI system was not in use.

OFA was obtained from the two secondary air ducts which carry 600°F (316°C)
combustion air. Since the unit is a positive draft design, the secondary air is relatively
high in pressure, at 45" W.C. (11 kPa), therefore no booster fan was required. OFA
was ducted to six ports on the rear wall of the furnace. Butterfly dampers controlled
the air flow to each port. The dampers were not tightly shut off, allowing cooling air

to flow to the nozzles when the reburning system was not in operation.

2.3.4 Lakeside S| Process Description

The Si system was designed to store, meter, and convey micron-sized sorbent to
nozzles on the front and side walls of the upper furnace. The baseline sorbent used
throughout this program was Linwood hydrated lime, which was on average 83%
Ca(OH), and had a bulk density of approximately 30 Ib/ft® (480 kg/m3). Sorbent was
conveyed with transport/injection air to 10 nozzles on the front and side walls of the
upper furnace. Two sizes of injectors, placed at two elevations, were used to
completely cover the furnace flow field. The S system comprised the following major
components: sorbent storage silo, weigh hopper, rotary valve feeder, screw pump, air
transport blower, conveying line, sorbent splitter, Sl air fan, and injection nozzles. The

function of each of these is described below.

A sorbent storage silo was erected near the boiler house. it had an internal diameter
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of 25 ft (7.6 m) and volume of 16,300 ft® (462 m?) . It held three to six days supply
tor continuous operation, depending on the Ca/Sratio used. Sorbent was transported
to the site in tanker trucks. The trucks were unloaded with truck mounted blowers;
the transport line was equipped ‘with an industry standard quick connect coupling.
The sorbent was transferred to the top/center of the silo using conveying air and
discharged into a target box. The conveying air was discharged through a filtered
vent. Polyester pleated filter vent cartridges were used with cartridge cleaning from
reverse air pulse jets using compressed air. Cleaning air fo these filters was provided
by a small air compressor. The unit was equipped with a regenerative air dryer. To
enhance sorbent discharge through the conical bottom of the silo, six fluidizing air
slides were installed. Upon discharge from the silo, sorbent flowed through an
automatic slide gate valve, then to a weigh hopper. The weigh hopper had a volume
of 200 1 {5.66 m®}. The conical bottom of the weigh hopper was also equipped with
fluidizing air slides. The weigh hopper was mounted on four load cells, which are
microcell strain gauges, to monitor the quantity of sorbent flow through the rate of
weight loss. A rate of weight loss transmitter was used to convey the weight loss

signal to the sorbent feed control system.

From the weigh hopper the sorbent flowed through a rotary valve feeder. The
operation of this variable speed feeder determined the rate of sorbent flow to the
boiler. Directly below the weigh hopper was the sorbent screw pump, which was
used to discharge the sorbent into the transport line. [t had an 8" (20 cm) screw,
which continuously delivered a "plug” of sorbent into the sorbent pickup region of the
pneumatic transport system. This solid "plug” prevented leakage of air back into the

sorbent delivery system. Above the screw pump were vent filters.

Sorbent transport air was supplied by a positive displacement biower. The conveying
air was injected through nozzles into the sorbent pickup region, where it entrained
sorbent and carried it into the transport line. The transport line carries the

sorbent/transport air to the sorbent splitter, which divides a single stream into ten
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equa! streams for injection at the nozzles. An additional air stream, provided by a high
static radial fan, is mixed with the sorbent/transport air stream at the injection nozzles.
The portion of the injection nozzles extending into the furnace is stainless steel. The
Sl system has air cooling fans to provide air to cool the injection nozzles when the

system is not in use.

With injection of sorbent into the furnace, it was known that more sootblowing would
probably be required. The boiler was equipped with wallblowers in the radiant furnace
and retractable sootblowers in the convective pass. These sootblowers utilized
pressure reduced saturated steam from the boiler main steam drum. The condition of
these blowers was suspect at the initiation of the project, therefore all the sootblowers
were replaced. It was expected that the wallblowers would continue to see limited
use, but that the sootblowers in the convective pass would be used more frequently
(an expected increase from 2 hours per day to 6 hours per day). In practice, SI

required virtually continuous operation of the IK convection pass sootblowers.

2.3.5 Lakeside Unit #1 Overall Block Flow Diagram

The process units for the Lakeside GR-SI| system are shown in block diagram form in
Figure 2-7. The natural gas reburning injectors were installed above the existing
cyclones, with OFA being added above the injectors but prior to SI. The reburning
control system was integrated into the existing boiler controi system. The Sl system
included a storage silo, weigh hopper and transport system to deliver sorbent into the
furnace at a point above the OFA injection point but prior to the furnace exit. Table
2-6 shows the overall mass and energy balance for the power plant when applying the
GR-SI technology. The mass flow rates for the process streams flowing into and out
of the process blocks, as delineated by the stream numbers shown in Figure 2-7, are
shown in Table 2-7.
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TABLE 2-6. LAKESIDE UNIT #7 OVERALL MASS AND ENERGY BALANCE
w/GR-S! @ 30 MWe Net Power Out

Basis: 60°F & H20 as liquid

Input:

Furnace -

Coal, incl. heat of combustion
Natural Gas, incl. heat of combustion
Burner Air

OFA

Sl Air

Sorbent

Total

Output:

Furnace -

Bottom Ash, incl. heat of combustion
Boiler -

Energy to Steam Cycle

ESP -

Fly Ash, incl. heat of combustion
Stack -

Flue Gas

System Heat Loss

Total

2-28

Lb/hr

31,050
4,450
274,482
104,110
11,358
4,723

430,173

Lb/hr

2,313

6,238

421,622

430,173

Btu/hr

312,890,850
96,652,147
7,017,541
2,661,733
181,600
21,254
419,425,125

Btu/hr
1,992,521
344,828,474

511,493

66,659,652
5,433,085

419,425,125



L# 11U 9PISaNe] uo WINSAS [$-YD Jo weiderp mopy Yooy L~z 2indiyg

ysy wolog

{g)

ter v Sauo|aA)
(L) Jeod
ueqog uadsg/ysy A4
(oL}
3oelg ol Joyepdivasg Jaleay Ny
<4 SE) anj] 9118}180J}98|] 4 woyy "9 "4
(L) {61

iopog painy-eun|ahg
JON OMN O

SED) enj4 PajoAdIaYy

‘uopaefup usquos [*TZ)

- (v) SECD) |BJNIEN

o,

. A

.. weshg
PV ALY tg) ny
ﬁ {9) ny
WeysAS

aqiog

2-29



L'vl L1 Svl Ll L'bL 2°61l "Bisd ‘pINSSdIY

LEE {EE 135 4 008Z~ oL 474 do ‘aimessdwa)

Zzoizy BEZ'Q 098'LZt £Lee €LY 8GELL Ieloj

g y/q qi n/qi nqp /9] aley

JajeaH Hy woy

s80) y2e15 waguog/yse A4 seq ang4 ysy woilog JuaqIog Iy uuagiog sweN weang

L oL 6 8 L 9 ‘ON weang

09l £91 'St 09l L'l "ersd ‘34nssaig

Ly 09 989 ELtY 09 do ‘ameiadway

oLL'vOL ost'y 000'0Z ZBY'vLT 0%0°'LE lelop

dyrq| dy/q| du/qy /gy TR ey
(494} sen

w40 sen [emey ani4 pajenoanoay Iy seumg 11s]g] awen weang

S 14 € [4 L ON treang

SADNVIVE SSVYIN IS-HD L# LINN JAISTAV]

L-¢ 31avl

2-30



2.4 Proprietary Information

The detail and control information on the GR and S| technologies concerning
reburning, OF A and Sl systems, injection locations and orientations, injection velocities

and furnace residence times between zones are considered proprietary.

Reburning NO, reduction performance depends on a range of different
processparameters, which include: initial NO, level; temperature at the reburning and
burnout zones; reburning zone stoichiometric ratio; stoichiometric ratio in the main
combustion and burnout zones; residence times in the reburning and OFA zones; and
-mixing rates of the reburning fuel and OFA. Data gathered during EER’s various
reburning demonstration programs have been reported in graphical format. Measured
NO, reduction performance has been compared with most of the above variable
parameters, and the variable parameters shown have reasonably good correlation as

to their effect on NO, reduction performance.

However, given the rather complex inter-relationship between the various controlling
parameters and reburning system performance, EER has elected not to present
statistical correlations of the data. We believe that the use of such correlations can
be misieading, particularly with respect to extrapolating system performance to other
boilers and boundary conditions. To successfully correlate the data requires more
complex process models, such as those used by EER during the development of
designs for each of the different boiler applications. These process/design models
have been validated during the course of the demonstration projects, and have been
shown 10 accurately reflect performance trends as a function of the various process
parameters and for boilers of very different design. Forbusiness reasons, and because
of their importance in developing commercial guarantees, EER prefers not to make

public any details of the process models.
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3.0 PROCESS DESIGN CRITERIA

Certain design tools were used to arrive at an optimum GR-S! system process design.
The final design required optimization of parameters which significantly impact the
GR-SI process, including zone stoichiometric (air/fuel) ratios, injection velocities and
gas temperature at the injection point. Other important considerations included
injection configurations {injector size) and transport/injection flow rates required to
accomplish rapid mixing of reburning fuel and sorbent jets. The reburning zone
residence time was maximized to effectively form a reburning zone with sub-
stoichiometric conditions across the furnace width. The reburning process is also
enhanced by high reburning zone temperatures. The calcium hydroxide sorbent
analyses used for the Sl system tested are shown in Table 3-1. Both Marblehead and
TABLE 3-1. SORBENT ANALYSES

Constituent Units Marblehead Linwood
Ca(OH), Wt% 92.00 95.82
Mg(OH), Wt% 0.05 0.14
CaCo, Wt% 1.00 1.21
Sio, Wt% 0.56 1.65
Fe,0, Wi% 0.48 0.50

“AlLO; Wt% 0.21 0.60

S0, W1t% 0.05 0.08

Other Wit% 5.65 -

Total Wt% 100.00 100.00 (normalized}
Surface Area mi/g 22 15.5
Mass Median Particle Size 7 5 2.88
Density gm/cm? 2.35 2.18
Bulk Density, Loose ib/ft? 20-25 25
Buik Density, Settled Ib/ft? 30-35 30
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Linwood hydrated limes were tested at Hennepin and Linwood was tested at Lakeside.

The OFA injector placement and air velocity were optimized with respect to location
and mixing in order to ensure optimum temperature for complete burnout of fuels.
Since sorbent sulfation is highly temperature dependent, the process required
optimization with respect to location of injectors and injection air requirement.
Sorbent sulfation effectively occurs over a temperature range of 1600 to 2200°F (870
to 1200°C), with arequired residence time of approximately 1.0 second for sulfation

over this temperature range.

3.1 Hennepin Unit 1 GR-S| Process Desian

A general arrangement drawing of reburning fuel, OFA and sorbent injectors is shown
in Figure 3-1. The proximate and ultimate analysis of the lliinois coal and the

composition of the natural gas used in the design phase are shown in Table 3-2.

The design basis for the Hennepin Unit 1 GR-S| system is summarized in Table 3-3.
The GR-Si process is applied with natural gas input corresponding to 18% of the total
heat input. The primary zone and reburning zone are operated at stoichiometric ratios
of 1.1 and 0.8. The formation and reduction of NO, is optimized through the primary
and reburning zone stoichiometric ratios. To achieve the required mixing rate of the
reburning fuel with the furnace gases, FGR, corresponding to 3% of the total flue gas,

is injected coaxially with the natural gas.

The GR system has four injector assemblies, one in each corner of the boiler. Each
assembly consists of four rectangular nozzles separated by an optimal distance to
prevent impingement of the reburning jet on the furnace walls. The reburning fuel
injectors were designed with tilting capability (which was later removed}. The GR
process requires adequate penetration of the primary gas stream, without over

penetration. The reburning fuel jets must also rapidly mix with {entrain} the primary
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TABLE 3-2. HENNEPIN COAL AND NATURAL GAS CHARACTERISTICS

Units ' Design
lilinois Coal
Proximate Analysis:
Moisture wt% 15.82
Ash wt% 9.56
Volatile Matter wt% 34.57
Fixed Carbon wt% 39.95
Total wt% 100.00
Ultimate Analysis:
Carbon wt% 59.16
Hydrogen wt% 3.97
Oxygen wt% 7.46
Nitrogen wt% 1.04
Sulfur wt% 2.82
Chlorine wt% 0.07
Ash wt% 9.56
Moisture wt% 16.92
Total wi1% 100.00
Higher Heating Value Btu/ib 10,632
Natural Gas
CH, vol% 89.83
C,H, vol% 4.29
CiH, vol% 0.82
Co, vol% 0.57
N, vol% 4.49
Total vol% 100.00
Higher Heating Value Btu/sct 1,014
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TABLE 3-3. PROCESS DESIGN BASIS FOR HENNEPIN UNIT 1 GR-SI SYSTEM

Hennepin Boiler
Unit Capacity 71 MWe (Net)
Net Heat Rate 10,338 Btu/kWhr

Nominal GR-S| Conditions
Stoichiometries
Primary Burner Zone 1.10

Reburning Zone Stoichiometry

Burnout Zone 1.18
Natural Gas Flow 18% of total heat input
Recycled Flue Gas 3% of total flue gas
Overfire Air 24% of total combustion air
Ca/S Molar Ratio 2.0

Sorbent Composition

Sorbent Injection Air 3% of total combustion air

Particulate Matter

Coal Ash 20% Bottom
5% Economizer
75% ESP
Sorbent. (reacted and unreacted)
Econorizer
95% ESP

0.90

CalOH),



gases, to form the sub-stoichiometric conditions across the furnace cross-section.
Therefore, injection location, velocity, and total mass flow were critical design
considerations. The injection locations are also essential for adequate residence time

in the reburning zone.

OFA is injected to burn out the fuel at a stoichiometric ratio of 1.18. The OFA is
injected through four rectangular ports at a velocity less than one-third that of the
reburning fue! jets. The OFA is injected at a distance above the coal burners
corresponding to a mean gas residence time of 0.5 seconds in the reburning zone‘
(design case). The OFA temperature of 575°F (302°C} is sufficient to complete
combustion with only a smail gas temperature quench. lIsothermal flow modeling
showed that a relatively low injection velocity was sufficient to adequately mix with

the furnace gas; therefore, an air pressure boosting fan was not required.

Sorbent is injected into the upper furnace through six injectors. The design case
sorbent input produces a Ca/S molar ratio of 2.0, which corresponds to a sorbent
input of approximately 7,500 Ib/hr (350 g/s}, at full load of 75 MWe with 18% heat
input by gas. The injection location was selected based on the optimum gas
temperature and guench rate. Six injectors, four on the furnace front wall and one on
each side wall, were used with an injection air requirement of 3% of the total
combustion air. The injection velocity was optimized for rapid entrainment of the local

furnace flow field.

The 2D Code was used to calculate the mean furnace flue gas temperature as a
function of vertical distance for the baseline, GR, and GR-SI operation. The mean flue
gas temperature profiles, shown in Figure 3-2, indicate that GR and GR-S! result in
only minor impacts on the gas temperature profile. The flue gas temperature is slightly
higher than baseline in the burner areas, due to reduced air levels (stoichiometric ratio)
in the burner zone under GR and GR-SI operation. The flue gas temperature drops

slightly at the reburning fuel injectors due to injection of FGR and then drops
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significantly at the OFA ports due to injection of burnout air. The flue gas temperature

is slightly reduced through the convective passes.

The GR-SI system was designed to reduce emissions of NO, by 60% from the
"as—found" baseline of 0.75 Ib/10° Btu (323 mg/MJ) to 0.30 Ib/10® Btu (129 mg/MJ).
A 50% reduction in SO, emissions from a baseline of 5.3 1b/10° Btu (2,280 mg/MJ)
to 2.65 Ib/10°% Btu (1,140 mg/MJ) was also projected. These emissions reductions
were expected with minor impacts on emissions of other species and on other areas
of unit operation. Some reduction in CO, emissions was e